Abstract: Shape memory alloys have great potential for use as an actuation material in miniaturized actuators for surgical instruments. Their performance and possible applications are discussed in this paper. A wire-based SMA actuator was designed and a controller for the wire-length was designed and implemented. The closed loop performance and possibilities for optimization are also discussed in this paper.
Introduction
When dealing with miniaturized actuation, Shape Memory Alloys (SMAs) have unique characteristics, that make them a very good choice for use as an actuation material. Therefore the use of SMA-wires for actuation in surgical instruments has been investigated.
Motivation
The state of the art for surgical instrument actuation is to use wires, which cause many problems such as friction and flexibility. There are several, different novel approaches to building actuators for surgical instruments. The most promising of these include the use of hydraulics and shape memory alloys. While hydraulic actuators have many benefits such as established modeling and control methods, they also suffer from some major drawbacks when it comes to miniaturization. One example is the need for high pressure supply lines. SMAs on the other hand, suffer from disadvantages with regards to modeling and control. Although according to [1] they promise a much higher work density (work per actuator volume) and have a greater potential for miniaturization. Tab. 1 compares some characteristic properties of SMA's and hydraulic actuators. The unit force of SMA's can di- rectly be derived from the maximum safe stress of the material for the wire, which is most often specified between 150 and 200 [MPa] . The unit force for hydraulics is derived from the hydraulic pressure, which is assumed to be 50 [bar] (maximum realistic pressure for small systems). The work density is the product of unit force and displacement. Despite their very small displacement, SMAs promise a work density that is five times greater since their unit force is 30 times higher than its hydraulic equivalent. Due to their slow response speed, SMA actuators have a low power density. The slow response speed is caused by the cooling rate, which increases, as the actuator size is decreased. As the response speed of SMA actuators increases with decreasing size and the work density is not influenced by size, their power density goes up with miniaturization.
Applications
There have been several approaches to making use of SMA-wires to actuate surgical instruments. Most of these use SMA-wires to deflect the instrument tip directly.
In [2] a two Degree Of Freedom (DOF) joint with a mobility range close to ±90
• was described. The device was actuated by six passive SMA-wires and servo-motors, which moved a two-disk flexible link. A similar configuration with active SMA-wires, making the servo-motors unnecessary, seems possible. A steerable miniature catheter was presented in [3] . This device was only 1.2 [mm] in diameter with a 0.3 [mm] diameter working channel and consisted of a sequence of segments.
Each of these segments was actuated by three linear SMA-actuators, which were placed 120
• apart. As a result the catheter could be actuated like a snake.
Modeling
The input-output behavior of a SMA-wire is highly nonlinear and subjected to a non negligible hysteresis. This behavior has been modeled based on the physical processes involved. The resulting model has the structure depicted in Fig. 1 .
This model maps the system input u(t) (Voltage on the SMA-wire) to the outputs y (SMA-wire length l and resistance R). The input-output-function has the forṁ x(t) = f (x(t), u(t)) y(t) = g(x(t)).
(1) The basic effects that account for the system behavior are as follows. The Voltage across the wire corresponds to a current, by which the wire is heated. The underlying transformation from martensite to austenite happens within a characteristic temperature range. This phase transformation changes the wire's mechanical properties, which causes the strain to decrease. When the voltage across the wire is set to zero, there is no longer any current flow. Therefore the wire starts to cool down. The reverse transformation from austenite to martensite happens in another, lower characteristic temperature range. This is the cause for the hysteresis. The reverse transformation changes the wire's mechanical properties again and its strain increases.
Control
Based on the model (refeq:model) a closed loop controller has been designed and implemented. Its goal is to control the length of a SMA-wire. For this purpose a test station has been designed to evaluate the closed loop performance. The test station is depicted in Fig. 2 and consists of two clamps, a linear encoder to measure the wire length, a free rotating pulley and a weight. The clamps, of which one is fixed and the other mounted on the linear encoder, allow for wires of varying diameters to be tested, while the weight provides the antagonistic force that is needed to elongate the wire. The most important test station parameters are summarized 
e lb ≤ e(t) ≤ e ub min(u) e(t) > e ub 
Discussion
A position-controlled SMA-wire based actuator has been presented and its performance has been shown. The response-time for a negative setpoint-jump (heating) is primarily limited by the input voltage. However the restricting factor for the power density is the slow response time for a positive setpoint-jump (cooling). This could be reduced by using a smaller diameter wire, since the cooling-rate is proportional to the quotient of wire-mass to wire-surface, which decreases linearly with the wire diameter. Another approach is to surround the wire with a thermal compound and a shell in order to increase the wire-surface and therefore the wire's cooling rate, as shown in [4] . However this technique increases the actuator volume and consequently decreases the work density. Furthermore the controller can be optimized in order to avoid positive control error overshoots, which could better the devices performance. If higher forces are required, multiple wires could be used in a parallel connection.
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